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Supplementary Information 
 
Supplementary results 
Seawater chemistry of the Sites.  
Vent gaseous emissions (flux = 1-30 L min-1) contained 98-99% CO2, 0.2-0.3% N2, 0.01-0.02% O2, 
0.003-0.005% Ar, 0.001-0.002% CH4, 0.3-0.6% H2S by volume (detection limits: CO2, N2, O2, and 
Ar: 0.1 ppm; CH4: 1 ppb; H2S: 1 ppm). Other contaminants (e.g. metals) can be excluded since the 
emission is exclusively gaseous at ambient temperature. Water dissolved H2S was below detection 
limit (0.1 mg L-1). The possible conversion of H2S to sulphate ions would need catalytic activity of 
bacteria, whose presence in the bacterial mud on the bottom has irrelevant effects, since the 
sulphate content along the transect does not show significant variations with respect to normal 
seawater values (2777.5 mg L-1). Moreover, the vent site is subject to strong currents S1 (mainly 
directed from North/West to South/East at speeds of 0.15-0.6 m sec-1; all dives confirmed the trends 
highlighted in the reference, except one in which there was no current) which ensure a regular rapid 
water exchange and inhibit the establishment of a significant community of active bacteria. Finally, 
CO2 dissolution and the effect of acidic dissociation is almost instantaneous and determines a 
significant lowering of pH (which has characteristic values of acidification by CO2 and not by H2S) 
and the establishment of the pH gradient. 
 
Supplementary methods 
Study site.  
The Island of Panarea belongs to the Aeolian Archipelago (Italy), located in the southern 
Tyrrhenian Sea in the Mediterranean (Fig. S1), and is part of an active volcanic systemS2. In the 
main vent, a crater 20 x 14 m wide and 10 m deep generates a sustained column of bubbles from the 
seabed to the sea surface. The hydrothermal system of Panarea is characterized by very active 
discharges of hydrothermal water and gas from the seafloor at a shallow depth (up to 150 m)S3. On 
the seafloor, at depths ranging from 8 to 40 m, in an area delimited by the islets of Dattilo, Bottaro, 
Lisca Nera and Lisca Bianca, there is a widespread presence of gas vents and hot water springsS4. 
As reported, the hydrothermal activity at Panarea was limited to only light gas bubbling in the years 
of first investigations (mid-80‘s) and the system was considered almost static and interpreted as the 
declining activity of a cooling and extinct volcanoS5. During the night of the 3rd of November 2002, 
a sudden and huge outgassing phenomenon was observed on the sea surface near the islets of 
Bottaro and Lisca Bianca, off the eastern coast of PanareaS6. Several active spots were identified by 
direct observations and bathymetric investigationsS7. After the crisis, investigations on the Panarea 
hydrothermal system have intensified and were performed by co-authors of this studyS3,S5,S8-S10. 
Between November 2002 and March 2003 the monitored submarine gas exhalations displayed a 
complex combination of temporal and spatial changes of their chemical compositions. The pre-2002 
conditions were restored relatively rapidly, reaching a stationary hydrothermal condition starting 
from March 2003S11,S12. 
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Carbonate chemistry. 
Bottom water samples for determination of total alkalinity (TA) were collected at each site using 
sterile 120 ml syringes (two replicates for each site). After each dive upon return to the boat, the 
syringe samples were immediately transferred in labelled 100 ml amber glass bottles and 
immediately fixed with saturated mercuric chloride (HgCl2) to avoid biological alteration, and 
stored in darkness at 4°C prior to measurement. TA was measured by Gran titration, using a 702 
SM Titrino (Metrohm AG). Certified reference materials (Batch 121) from the Andrew Dickson 
Laboratory at UC San Diego were used to ascertain the quality of results obtained. The pH, TA, 
salinity and temperature were used to calculate other carbonate system parameters using the 
software CO2SYS with referenced dissociation constantsS13-S15. 
 
Benthic surveys.  
The percentage cover of all species was quantified at each site from 5-10 randomly placed quadrats, 
2 m away from each other at a depth of 10-12 m. We used 50 * 50 cm quadrats for Balanophyllia 
europaea and Vermetus triqueter and 21.0 * 29.7 cm quadrats for Padina pavonica, Acetabularia 
acetabulum and Lobophora variegata. During each survey, photographs of each quadrat were taken 
using a Canon G11 camera with underwater housing. The photos were taken to fit the whole 
quadrat into one picture. The area of each organism within the quadrat was extracted by tracing its 
outline with a hand-controlled mouse on the digital image, with a digitizing software (NIS-Elements 
Microscope Imaging Software). The software can be used to calculate precise percentage cover in 
an area. 
 
Vent gas. 
Gas was sampled during five surveys (June 2011, August 2011, December 2011, April 2012, May 
2013) by using a pre-weighted and pre-evacuated 50-ml thorion-tapped glass tubes, partially filled 
with 20 ml of a solution 0.15 M Cd(OH)2 and 4 M NaOH, connected to a plastic funnel positioned 
over the rising bubbles. To avoid contamination by seawater, the silicon connection between the 
funnel and the collecting glass tube was filled with Milli-Q water and isolated from seawater by a 
plastic plug. The plug was removed only after the complete evacuation of seawater by the gases 
contained in the funnel. Uncondensable gases were collected in the headspace. At the Laboratory of 
Fluid and Rock Geochemistry of the University of Florence, uncondensable gases were analysed 
with a gas-cromatograph (Shimadzu 15a), equipped with a Thermal Conductivity Detector. 
Methane was analyzed with a Flame Ionization DetectorS11. CO2 and H2S were trapped in the 
alkaline solution, the former dissolved as CO3
2- and the latter precipitated as CdS. CO2 was 
analysed by acidimetric titration with 0.5 N HCl solution while H2S as SO4
2- by ion 
chromatography after oxidation of CdS with H2O2. Water samples were also collected and tested for 
dissolved H2S by using Cd(OH)2 and ion chromatography
S16. 
 
Biomineralization. 
Sampling. After collection, all organism samples were rinsed with deionized water, cleaned from 
ground contaminations and stored in ethanol at 4°C. The skeletons of B. europaea and the shell-
tubes of V. triqueter were cleaned from the live tissues by treatment with a 0.5% (v/v) sodium 
hypochlorite for 10 minutesS17. The remaining skeletons and shell-tubes were then washed with 
deionized water and dried at room temperature. Each skeleton and shell-tube was inspected under a 
binocular microscope to remove fragments of rock and calcareous deposits produced by other 
organisms, such as serpulid tubes and bryozoan colonies. For some characterizations, the samples, 
or regions of them, were dusted using an agate mortar. Attention was paid to avoid high local 
increase of temperature. For microscopic observation and mechanical measurements, the samples 
were embedded in resin (Technovit 5071, Buehler), and were then lightly polished using colloid 
alumina (average size of 1 m, PACE Technologies). For spectroscopic measurements, the samples 
were sandwiched in a KBr disk and then polished normally to the disk surface. The 
demineralization process of the algae was carried out treating the samples with a 0.3% (v/v) acetic 
acid solution overnight. 
 A series of considerations and tests were applied to get confidence on the presence of hydrated 
calcium sulphate salts in the tip of the thallus of P. pavonica. 
i. A. acetabulum and P. pavonica were subject to the same procedure of sampling, cleaning and 
washing. Calcium sulphate salts were observed only on the surface of P. pavonica.  
ii. A set of samples after collection were stored in sea water instead that in ethanol. Also in these 
sample was observed the presence of calcium sulphates salts. 
iii. A third set of samples was stored in a saturated solution of calcium carbonate, but unfortunately 
the algae decomposed. 
iv. Upon drying of ethanol solution used to keep the algae, no detectable amounts of calcium 
sulphate were observed. 
Despite all of the above facts we cannot completely exclude the possibility that the presence of 
calcium sulphate salts can be an unavoidable effect associated to the drying process, specific for P. 
pavonica. 
X-ray powder diffraction. X-ray powder diffraction patterns of the samples were collected using a 
PanAnalytical X’Pert Pro equipped with X’Celerator detector powder diffractometer using Cu K 
radiation generated at 40 kV and 40 mA. The diffraction patterns were collected within the 2 
range from 10° to 60° or from 20° to 60° with a step size () of 0.02 ° and a counting time of 
1200 s. The X-ray powder diffraction patterns were analyzed using the X’Pert HighScore Plus 
software (PANalytical).  
Fourier transform infrared spectroscopy. Low amount powder samples were analyzed by means of 
Fourier transform infrared (FTIR) spectroscopy analyses conducted by using a FTIR Nicolet 380 
Thermo Electron Corporation, working in the range of wavenumbers 4000–400 cm-1 at a resolution 
of 2 cm-1. Disk was obtained mixing a small amount (<1 mg) of sample with 100 mg of KBr and 
applying a pressure of 48.6 tsi (670.2 MPa) to the mixture using a hydraulic press. 
Attenuated Total Reflection Fourier transform Infrared (FTIR ATR) spectra of sample cross 
sections were acquired in the range 4000–650 cm−1 with a Thermo-Nicolet Nexus 5700 
spectrometer connected to a Thermo Continuum IR microscope, fitted with an MCT type A detector 
cooled by liquid nitrogen. Measurements were made with the microscope in reflection mode, using 
a 15× Thermo-Electron Infinity Reflachromat objective and a tube factor of 10×. A micro slide-on 
ATR with a silicon crystal (contact area diameter 120 μm) was connected to the 15× objective. 
Thermal analyses. An estimation of the organic matter content in the sample was determined by 
thermo-gravimetric analysis (TGA) on a SDT Q600 simultaneous thermal analysis instrument (TA 
instrument). The analysis was performed under nitrogen flow from 30 to 120°C with a heating rate 
of 10°C min-1, an isothermal at 120°C for 5 min, and another cycle from 120 to 600°C with the 
same heating rate. The reported values are the average of at least three independent measurements. 
Microscopy. Several fractured and polished sections of samples were cut perpendicular to the 
surface. Polished sections and some fractures were etched with various acids and enzymes to reveal 
microstructural features. The optical microscope observations of samples were made with a Leica 
microscope equipped with a digital camera. The scanning electron microscopy (SEM) observations 
were conducted in a Phenom™ microscope (FEI) for uncoated samples and a Hitachi FEG 6400 
microscope for samples after coating with gold. Presented images are representative of the entire 
population of each sample. 
The aragonitic fiber diameter in the coral skeleton was measured from high magnification 
SEM images (see Fig. S5). About 20 fibers were measured from three different skeleton fragments 
for each site. 
Mechanical analyses. The mechanical properties of coral skeletons and mollusc shell-tubes were 
measured using a Nanoindentation Tester, model NHT-TTX by CSM Instruments, equipped with a 
Berkovich diamond tip. The maximum applied load in the test was always 50 mN, corresponding to 
a penetration depth in the range from 700 to 900 nm. The instrumented (IT) values of the elastic 
Young’s modulus (EIT) and hardness (HIT ) were determined by Oliver-Pharr analysis of the load-
depth curvesS18. The reported values are the average of at least 10 measurements. 
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Supplementary Figures 
Fig. S1. Map of vent site off Panarea Island (Aeolian Archipelago) and bathymetric profile of the 
experimental area. Underwater volcanic crater with localized CO2 emissions a few tens of meters 
SE of Bottaro, one of the islets surrounding Panarea. Depth along the pCO2 gradient goes from 11.6 
m in the center of the crater to 9.2 m in the control site, at a distance of 34 m from the crater. pH 
values in brackets are expressed as medians at the total scale. 
 
 
Fig. S2. Fourier transform infrared spectra (a, c, e, g) and X-ray powder diffraction patterns (b, d, f, 
h) from ground skeletons of Balanophyllia europaea (a, b) and ground shell-tubes of Vermetus 
triqueter (c, d) collected at Sites 1 to 3 along the pCO2 gradient, and from ground samples of 
Padina pavonica (e, f) and Acetabularia acetabulum (g, h) collected at Sites 1 to 4. In (a-d) only 
absorption bands and diffraction peaks due to aragonite are observable. In P. pavonica (g, h) 
absorption bands and diffraction peaks due to aragonite (A) and mono hydrate calcium sulphate 
minerals (CSh) are marked. In A. acetabulum (e, f) only absorption bands and diffraction peaks due 
to aragonite (A) and whewellite (Wh) are observable. The diffraction peaks are indicated according 
to the Miller indices. Spectra are vertically offset to increase their readability.  
 
Fig. S3. Percentage weight loss of the samples with increasing temperature (thermo gravimetric 
profiles, green curves) and their first derivate curves (blue curves). (a-c) skeletons of Balanophyllia 
europaea and (d-f) shell-tubes of Vermetus triqueter from Sites 1 to 3 along the pCO2 gradient. (g-j) 
thalli of Padina pavonica and (k-n) cups of Acetabularia acetabulum from Sites 1-4. Each TGA 
profile shows two weight loss events: the first one, which occurs at lower temperature, can be associated to 
the release of bounded water molecules, while the second one is due to the pyrolysis of the organic matrix. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S4. SEM images of Balanophyllia europaea skeletons. Centers of calcification (indicated by 
arrows) and fibers were observed. Their size and shape were not related to pCO2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S5. SEM images of the cross sections of the tip regions of septa of Balanophyllia europaea 
skeletons collected at Sites 1 to 3 along the pCO2 gradient. The two structural entities constituting 
the coral skeleton, centers of calcification and fibers, are illustrated in the left and right columns, 
respectively. The observed differences were not statistically significant. 
 
 
 
 
Fig. S6. First row Dry thalli of Padina pavonica (a) and dry cups of Acetabularia acetabulum (b) 
collected at Sites 1 to 4 along the pCO2 gradient. The calcified regions appeared white, with the 
upward facing surfaces being more heavily calcified than the downward facing surfaces. SEM 
images (first column) of the cross sections of the thalli (a) and the cups (b) and corresponding ATR 
FTIR spectra (second column) at three points, the two surfaces (1, upward; 3, downward) and inside 
the algae (2), for each sample at each site. The dotted line in the ATR FTIR spectra indicate the 
band associated to aragonite. The image shows that the upward pointing face is more calcified than 
the downward facing surface and that mineral phases were not detected inside the algae thalli or 
cups. SEM images (third column) of the surface of the thalli (a) and cups (b) after overnight 
treatment with a 0.3% acetic acid solution and corresponding FTIR spectra (fourth column). The 
surfaces are completely free of mineral phases and FTIR spectra do not show any absorption band 
clearly associable to mineral phases. 
Supplementary Tables 
Table S1 Seawater carbonate chemistry measurements for each study Site off the Island of Panarea. Site 1 is the control and sites 2-4 are the 
elevated pCO2 Sites. Temperature (n = 2580 per site) data were recorded every three hours by data loggers placed in each Site from May to 
September 2012 and from November 2012 to April 2013. pH (n = 103-110 per Site) and salinity (= 37‰, n = 107-110 per Site) were measured in 
July 2010, September 2010, November 2010, March 2011, June 2011, July-August 2011, November-December 2011, April-May 2012, June 2012 
and May 2013 (over 36 days). TA (total alkalinity, n = 8 per Site) was measured in September 2010, November 2010, March 2011, June 2011, July-
August 2011, November-December 2011, April-May 2012 and June 2012. The pH, temperature, salinity and total alkalinity (TA) were used to 
calculate carbonate system parameters (*) using CO2SYS software. DIC: dissolved inorganic carbon. 
  
pH range 
(total scale) 
T 
(°C) 
TA                
(µmol kg-1) 
*pCO2 
(µatm) 
*DIC     
(µmol kg-1) 
*CO32-    
(µmol kg-1) 
*HCO3-   
(µmol kg-1) 
*Ωcalc *Ωarag 
Site 1 
95%ile 8.4 27.0 2595 754 2323 358 2168 8.2 5.4 
Median 8.1 18.0 2457 405 2195 208 1974 4.9 3.2 
5%ile 7.8 13.5 2424 179 1974 129 1611 3.1 2.0 
                      
Site 2 
95%ile 8.2 28.0 2603 1171 2430 275 2299 6.4 4.3 
Median 7.9 18.5 2455 652 2322 155 2144 3.6 2.4 
5%ile 7.7 14.0 2401 273 2142 91 1858 2.1 1.4 
                      
Site 3 
95%ile 8.1 27.5 2573 2143 2457 237 2332 5.6 3.7 
Median 7.8 18.5 2450 715 2284 141 2119 3.3 2.2 
5%ile 7.3 14.0 2390 403 2133 54 1890 1.3 0.8 
                      
Site 4 
95%ile 8.0 27.0 2551 6532 2613 199 2384 4.2 2.8 
Median 7.7 18.5 2415 1110 2326 96 2195 2.2 1.5 
5%ile 6.9 14.0 2357 445 2150 20 1938 0.5 0.3 
 
 
 
 
 
Table S2. Hardness (HIT) and elastic Young’s modulus (EIT) values calculated at an indentation depth of 200 nm, averaged over three different 
samples of the same type. At least 20 nanoindentation measurements were carried in each sample for each region. In Balanophyllia europaea, the 
measurements were carried out at three points along the aboral – oral direction (aboral, middle, oral). In Vermetus triqueter, the measurements were 
carried out within each region defining its diverse texture: prismatic, cross lamellar, and spherulitic. The ranges shown are one standard deviation. 
   B. europaea  V. triqueter 
 aboral middle oral prismatic 
cross 
lamellar 
spherulitic 
Site 1 HIT (MPa) 5100 ± 500 5100 ± 500 5100 ± 500 4600 ± 400  4600 ± 400  4000 ± 350  
 EIT (GPa) 80 ± 3 71 ± 3 60 ± 5 91 ± 3  81 ± 2  74 ± 4  
Site 2 HIT (MPa) 5200 ± 600 5200 ± 600 5200 ± 600 4700 ± 400 4700 ± 400 4000 ± 350 
 EIT (GPa) 71 ± 3 61 ± 4 44 ± 6 89 ± 3 80 ± 3 73 ± 4 
Site 3 HIT (MPa) 5000 ± 500 5000 ± 500 5000 ± 500 - 4300 ± 400 4000 ± 350 
  EIT (GPa) 70 ± 3 63 ± 3 49 ± 5 - 80 ± 2 73 ± 4 
 
Table S3 Correlation analysis between % cover of Balanophyllia europaea, Vermetus triqueter, 
Padina pavonica and Lobophora variegata and pH at four Sites along a natural pCO2 gradient. 
Percentage cover of Acetabularia acetabulum was homogeneous among Sites. 
 
Species n rho rs2 
B. europaea 110 0.588*** 0.346 
V. triqueter 139 0.626*** 0.392 
P. pavonica 105 0.434*** 0.188 
L. variegata 53 0.858*** 0.736 
n, number of quadrats; rho, Spearman’s correlation coefficient, rs2, Spearman’s determination 
coefficient; *** p < 0.001. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary video legend 
Underwater video showing CO2 degassing from the crater. 
 
